SUMMARY: Some chemical requirements for stimulating the germination of spores of a few species of the genus Bacillus were studied by means of viable counts.
Chemical factors in aerobic p o r e germination 39 medium (AA) of Gladstone (1939) but with L-alanine in place of DL-alanine {Hills, 19493) and supplemented with 1.25 x M adenosine (Hills, 1949a) , 5 x M-Ca++, 6 x M-NaHCO, and 1 4 x M-&++ (Brewer, McCullough, Mills, Roessler, Herbst & Howe, 1946) and 10-7 M aneurin (Hagan, O'Kane & Young, 1948) . The metals were held in solution by M /~O O citrate.
For optimal sporulation of some strains at 37", growth on medium (a) was continued for 12 days. The organisms were then suspended in glass-distilled water, collected by centrifuging and washed. In medium (b) optimum sporulation was observed a t 5 days. The organisms were then centrifuged out and washed. These times for optimum production of free spores were determined by microscopic examination, but viable counts of both types of suspension showed that the proportion of vegetative forms sensitive to heat (15 min. at 6 0 ' ) was insignificant. These suspensions were used without heating to avoid the possibfiQ, frequently reported (e.g. Robbins, Kavanagh & Kavanagh, 1942; Evans & Curran, 1943) of facilitating germination by heat treatment.
E a~p d d procedure. The media in which germination was studied were inoculated with about 104 spores/ml. and incubated at 8 5 ' . Counts of organisms which then remained viable after 15 min. at 6 0 ' (spore, or S-counts) were determined by the surface plate technique of Miles & Misra (1938) . In selected experiments counts made without heating at 60' (S+ Vcounts, where Vis the count of the vegetative form) showed little fall as a result of incubation, but in suitable media comparison with the S-counts showed that a high proportion of the spores had become sensitive to heat. Since these had remained viable during incubation they must be regarded as having germinated. In certain media, however, which were inadequate for growth though adequate for the process of sensitization to heat, loss of viability of the heat-sensitive forms was observed even at 3 5 ' on prolonged incubation. Nevertheless, in spite of difficulties due to death of'germinated forms in media inadequate for growth, increased sensitivity to heat, as determined by viable count, is the best criterion of germination, since any method based solely on morphological changes cannot establish the most important feature of the process, namely, that changes from the characteristics of the spore state have not involved loss of viability. Further evidence in support of this view has recently been given by Wynne & Foster (1948). Technical details have been given elsewhere (Hills, 1949a) , the only modifications being in the conditions of incubation of the plates according to the needs of the various organisms for the production of discrete colonies, uniformly 1-2 mm. in diameter.
Stutbtical treatment of data. The numbers of colonies on replicate plates conformed to a Poisson series, so that in assessing the significance of the differences between counts, according to standard methods (Fisher, 1946) , the variance of any count could be taken equal to the count itself.
Mutw&. These were as used previously (Hills, 19$9a, b) . Throughout, molarities refer to a single enantiomorph; the total concentration of a DLmixture is thus twice that given. 
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RESULTS
with Bacillus subtilis & W h of medium. Fig. 1 shows the changes in S-count in a variety of media duriag 6 hr. incubation, These media fell into three groups:
(a) Disappearance of 50 % or more spores in the first 2 hr. occurred only in the amino-acid medium (A), in CCY, and in media containing tryptic digest of meat (TM and TM+PB). The initial fall in the number of spores with CCY occurred 1 hr. later than in the other media, but the subsequent decrease in S a u n t was rapid, followed later by an incressed count due to resporulation. (b) In the second group, which gave significant but less than 50 yo germination in the first 2 hr. and little further increase, the gelatin-tyrosine medium (GT), developed for the away of yeast fractions in the germination of B. anthracis, was not sigdicantly different from phosphate buffer (B), and was not improved by yeast extract (GTY).
(c) The replacement of the amino-acids of medium (A) by ammonium salts inhibited germination since the medium (NH,) allowed less change in spore count than the phosphate buffer (B) which it contained.
All the changes observed were presumably due to germination, since considerable growth occurred in those cases with the most rapid decrease in S-count. This was shown by very high S + Y counts at the end of the experiment, using the same sized sample as for the S-counts but without heating at 6 0 ' . Some growth also occurred in the gelatine-tyrosine medium with yeast (GTY), giving a twofold increase in the count of an unheated dilution, but in the remaining three media, B, GT and NH,, this count was either lower than or not significantly Werent from the initial count. Since measurable rates of germination were observed in the 'complete' amino-acid medium, it was compared with a simpler amino-acid medium (Table 1) containing L-alanine and tyrosine which, with the addition of adenosine, had been found adequate for B. anthracis. Fig. 1 
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2 hr. the S+ V count also fell considerably, so that it was not possible to ascribe the decreased S-count to germination, rather than to a sporicidal effect. The only significant effect of adenosine in this medium was a greater decrease in S+ V count. In a subsequent experiment, limited to 1 hr. incubation (Table 2) , L-alanine was the only component essential for the decrease in S-count, but it had no effect on the total number of viable organisms, which, although showing a 10-20y0 decrease as a result of incubation, showed the same decrease when in phosphate buffer alone. Since 7 5 % germination was observed in 1 hr., the experimental period was shortened to 30 min. in subsequent experiments and good germination still took place. Alanine was not replaceable by lactate or pyruvate, even at 5-10 times the alanine concentration and in the presence of an equivalent of NH,+, though none of these compounds significantly inhibited the decrease in S-count caused by alanine. Thus in 28 m M phosphate buffer of pH 7.3, buffer with 5 m~-NH,cl, 5 mM pyruvate, pyruvate + NH,Cl, 2.5 mM-DL-lactate, DL-lactate + NH,CI, the count, initially in the range 669-717, decreased slightly to 627-662 after incubation for 30 min. With 0-5 mM-1;-alanine in addition to any of the above substrates or combinations of substrates the final count was in the range
123-162.
Inhibition by D-aknine. As with B. anthraxis the decrease in S-count caused by L-alanine was inhibited by D-alanine, a molecular ratio of 0.03 D-to L-alanine allowing about twice as many spores to survive as with L-alanine alone at 0-5-5 m M ( Table 3 ) . Controls with the brucine and strychnine used in the resolution of DL-alanine showed a small inhibition of germination at 20 ,ug./ml. in the presence of 500 pM-L-alanine, but even 1-35 pg./ml. 0-alanine (15 PM) caused an inhibition about three times as great. This effect of D-alanine therefore cannot be due to traces of these alkaloids as impurities. Table 4 shows the effects on the S-counts after incubation in phosphate buffer pH 7.3 with the addition of L-alanine, DL-tyrosine and adenosine singly and in all possible combinations. The organisms used were four strains of Fildes, 1940) and in an amino-acid fluid medium aerated by shaking (see Methods). No experiments were carried out with either B. mesentericus or B. nzycoides. Two strains of the former (N.C.T.C. nos. 2589 and 6223) although sporing satisfactorily on CCY agar, failed to grow in the defined medium; and two strains of mycoides (N.C.T.C. nos. 926 and 2602) did not spore satisfactorily on either medium and were also unsuitable for study by the technique used, on account of the difficulty of getting discrete colonies for counting.
Experiments zwith other organisms
Except with B. cerezls those conditions which produced a significant decrease in S-count gave a greater decrease with spores grown in the amino-acid medium than with those grown on CCY. Although this difference was, in general, quantitative rather than qualitative, it led in certain cases to qualitative differences due to limitations of the counting technique in detecting small changes (5-18 yo depending on the total number of colonies for both counts of which the significance of the difference was required). Thus with B. anthracis, N.C.T.C. 5444, 79% of spores grown on the amino-acid medium were susceptible to the action of alanine and tyrosine together but the corresponding figure of 15% for spores of this strain grown on CCY agar was not significantly different from the control. On the other hand, with B. anthracis, N.C.T.C. 109, both figures, 88 and 25 yo respectively, were significant.
The simplest requirements for spore germination were shown by B. cereus for which alanine alone was effective, though there was some improvement with tyrosine or adenosine, and these two together, without alanine, gave a small but significant effect. All four strains of B. anthraxis, whether virulent or avirulent, had similar requirements. Alanine, tyrosine and adenosine together were significantly better than any single component or combination of two components. Again, alanine seemed to be of greatest importance since only two cases in 24 showed a significant effect (P = 0.95) in its absence, and in one of these cases the decrease in S-count was so small that the probability of such a difference in the same direction arising by chance was nearly 1 in 50. With both the Weybridge and Vollum strains, the effect of alanine in diminishing Chemical factors in aerobic spore germination 45 the S a u n t in the presence of tyrosine and adenosine was subsequently shown to be due to germination. Under conditions in which the S-count fell to 10-85 yo of its original value in the presence of alanine, the S+ V count in the presence or absence of alanine and the S-count in the absence of alanine fell only to 85-95 % of the original value of the S+ V count, of which the original #-count was 95-99 % (P = 0-95). Germination of B. megatherium and B. szcbtih?
was slower so that large decreases in S-count were not observed during the period of the experiment. Significant decreases were observed only in the presence of alanine, but these were small and were not affected, in the case of cultures grown in the mino-acid medium, by the other components either singly or together. During the period of the experiment, S-counts gave no evidence for an effect of any of the materials on the germination in phosphate buffer of B. &&iZis spores grown on the surface of CCY agar. A significant fall in the count of spores of B. megutkium, grown on CCY agar, was produced only in the presence of alanine and adenosine together, with or without tyrosine.
DISCUSSION
This work was begun in order to'seek a correlation between chemical requirements and mode of germination, such as the differences observed by Lamanna The present findings are that ~-alanine in phosphate buffer was a sufficient stimulus for a laboratory strain, but N.C.T.C. no. 8610 did not respond, in a short incubation period, either to this or to the alanine + tyrosine +adenosine medium which was adequate for B. urtthrucis, and in which adenosine replaced a yeast extract (Hills, 1949a) having similar properties to that used by Keilin & Hartree.
The changes in S-count have not in every case been proved to be due to germination, but this was the case with two strains of B. unthraeis and with a laboratory strain of B. wbtilis. With B. szlbtilis loss of viability was observed in the absence of heat treatment only after prolonged incubation of suspensions containing germinated forms in media inadequate for growth. It is probable, therefore, that germination was the cause of the decrease in S-count in experiments of short duration with other species.
L-alanine was a constituent of the medium in 40 cases out of 42 where the decrease in 8-count exceeded that which would have been expected by chance in 1 case in 50. The importance of L-alanine is emphasized by the inhibition of its effect by D-alanine a t a molar ratio of 1 : 80 in the case of B. anthrucis (Hills, 1949b) and by a laboratory strain of B. subtilis which required only L-alanine to stimulate 80 yo germination in 1 hr. at 35". The specificity of the effects of the isomers of alanine on the germination of bacterial spores is a t present unique in bacterial chemistry in the low ratio to L-alanine a t which D-alanine inhibits. The inhibition of Lactobacillzls urabinoms by D-leucine and D-valine (Fling & Fox, 1945) or by glycine (Kobayashi, Fling & Fox, 1948) and the inhibition of Escherichiu coli by these amino-acids or by D-alanine (Kobayashi, Fling & Fox, 1948) required high concentrations approaching 0.1 M. The view that the large side-chain of valine or leucine is essential for steric hindrance cannot now be regarded of general biological application, and its bearing on the mode of action of peptide antibiotics containing D-amino-acids (Fox, Fling & Bollenbach, 1944) is now in doubt (cf. Work, 1948) . 
